Abstract.-Particle size reduction is a primary means of improving efficiency in herbivores. The mode of food particle size reduction is one of the main differences between herbivorous birds (gizzard) and mammals (teeth). For a quantitative comparison of the efficiency of food comminution, we investigated mean fecal particle sizes (MPS) in 14 herbivorous bird species and compared these with a data set of 111 non-ruminant herbivorous mammal species. In general MPS increased with body mass, but there was no significant difference between birds and mammals, suggesting a comparable efficiency of food processing by gizzards and chewing teeth. The results lead to the intriguing question of why gizzard systems have evolved comparatively rarely among amniote herbivores. Advantages linked to one of the two food comminution systems must, however, be sought in different effects other than size reduction itself. In paleoecological scenarios, the evolution of ''dental batteries,'' for example in ornithopod dinosaurs, should be considered an advantage compared to absence of mastication, but not compared to gizzard-based herbivory.
Introduction
Efficient digestion of plant material depends on two main factors, the time ingesta remain within in the gastrointestinal tract (retention time) and the particle size to which the food is processed. The former is important because digestion of hemicellulose and cellulose in plant cell walls by symbiotic microorganisms is a rather slow process (Stevens and Hume 1995) and the latter because smaller particles can be fermented at a faster rate (Cherney et al. 1988; Bjorndal et al. 1990 ). Moreover, as has recently been demonstrated, retention time in the gut and the efficiency of particle size reduction (i.e., chewing efficiency) may compensate for each other-in large herbivorous mammals, species with relatively lower chewing efficiency have longer digesta retention times ). The relevance of reducing the particle size of ingested food is well understood (Clauss and Hummel 2005) . However, for herbivorous birds, quantitative data on particle size reduction have only been reported sporadically (Moore 1999; Potter et al. 2006 ). For example, in studies of geese, Moore (1999) stated that the degree to which grass can be degraded by the avian gizzard is comparable to that of chewing by ruminants. However, this statement misses the order of magnitude by which body mass differs between geese and ruminants, as well as the fact that ruminants re-masticate their food during rumination and therefore take an exceptional position within herbivorous mammals ).
Different strategies have evolved in herbivorous mammals and birds for food processing. Mammals are equipped with a complex dental chewing apparatus, and birds use their muscular stomach (ventriculus or gizzard, which is preceded by the glandular stomach, the proventriculus), functioning as a gastric mill, for mechanical disruption of food (Moore 1999; Mackie 2002) . Note that the pyloric part of the stomach of monogastric animals, in particular mammal carnivores, is also sometimes referred to as a ''gastric mill' where digesta particle size reduction of food of animal origin is achieved by the muscular action of the pylorus (e.g., Barboza et al. 2009: Fig. 5.6) . Also note that extant archosaurs such as crocodilians have a stomach anatomy that resembles, with its distinct fundus and pylorus sections, the two-chambered pattern of the avian proventriculus and ventriculus; the pyloric part of the crocodilian stomach is therefore sometimes referred to as ''gizzard'' (Schwenk and Rubega 2005) . The stomach of crocodilians actually contains gastroliths with irregular frequency (Corbet 1960; Cott 1961; Delany and Abercrombie 1986; Platt et al. 2006; Pauwels et al. 2007; Wallace and Leslie 2008) , but whether they help reduce ingesta particle size is still debated (Diefenbach 1975; Skoczylas 1978; Schwenk and Rubega 2005; Wings 2007) . When compared with the gastrolith mass found in herbivorous birds (,1% of body mass [Wings and Sander 2007] ), the amounts of gastroliths in crocodiles appear rather low (0.1-0.3% of body mass [Schwenk and Rubega 2005; Pauwels et al. 2007] ). In the following text, the words ''gastric mill' and ''gizzard' will be used to denote the ventriculus of birds in which, with the help of gastroliths, the digesta is reduced in particle size.
Birds ingest stones and grit and retain them in the gizzard as gastroliths to enhance the efficiency of mechanical food breakdown (Stevens and Hume 1995; Moore 1998b; Gionfriddo and Best 1999; Mackie 2002; Wings 2007) . Several studies revealed that both gastrolith mass (Wings and Sander 2007) and mean grit size (Gionfriddo and Best 1996) are strongly correlated with body mass in herbivorous birds, which might be analogous to different isometric and allometric aspects of the chewing apparatus in herbivorous mammals where measurements such as tooth volume or molar occlusal surface also scale with body mass (Gould 1975; Creighton 1980; Fortelius 1986 Fortelius , 1987 Popowics and Fortelius 1997; Copes and Schwartz 2010) . Furthermore, descriptive as well as experimental studies have shown that the muscular mass of the gizzard increases with higher fiber contents in the diet (Pendergast and Boag 1973; Drobney 1984; Herd and Dawson 1984; Piersma et al. 1993; Moore 1998a; Starck 1999; Amerah et al. 2007 ) and that the amount of grit used is strongly influenced by the type of diet-it increases with increasing coarseness of the diet (Gionfriddo and Best 1996) , thus resembling adaptations in muscular or dental design in mammals (Janis 1988; Williams and Kay 2001; Clauss et al. 2008) .
The aim of this study was to determine fecal particle sizes of herbivorous birds of different body sizes and to compare these with fecal particle sizes in mammals ) and reptiles (Fritz et al. 2010) . Because fecal particle size is a reliable measure of the effectiveness of reducing food particle size, we wanted to test whether food reduction by muscular grinding is as effective as by chewing with teeth. A potential difference in the efficiency of particle size reduction between gizzards and teeth would be important in comparative considerations of the evolution of herbivory in mammals and birds, or in different dinosaur groups. For example, the evolution of the impressive dental masticatory apparatus of ornithopods, the ''dental batteries,'' is considered an important factor for the radiation of this clade (Coe et al. 1987; Weishampel and Norman 1989; Wing et al. 1992) . In contrast, no radiation of a non-avian dinosaur group has been linked to the evolution of a gastric mill so far. Less efficient particle size reduction by gizzards as compared to teeth could help explain this pattern.
Additionally, we tested in a small, opportunistic sample of individuals the ingesta particle size in the largest extant herbivorous bird, the ostrich (Struthio camelus), at the level of the glandular stomach (proventriculus), prior to the effect of the gizzard. Because neither birds (Duke 1997 ) nor reptiles (Throckmorton 1976; Bjorndal and Bolten 1992; Duke 1997 ) chew their food, particle sizes of food ingested by birds and of feces excreted by reptiles should be similar at similar body size.
Material and Methods
We evaluated the mean fecal particle sizes of captive birds (n 5 40; 14 species) from eight zoological institutions in Europe. Fecal particle size is generally regarded as reflecting the ingesta particle size beyond the gizzard. Only adult healthy individuals with no history of diarrhea were sampled. Diets consisted of plant material, mainly grass in their enclosures, hay, vegetables and fruits, and limited amounts of grains/pellets. Because the animals could not be weighed for this study, and weight records usually were not available, body mass was estimated with reference to literature data. The resulting inaccuracy will not be relevant across the large range of body masses investigated in this study, but individual comparisons between pairs of similarsized species should not be based on this data. Additionally we investigated the contents of the proventriculus and distal colon of six captive, adult Struthio camelus from a private ostrich farm in Switzerland. Prior to sampling, animals were kept on grass pasture and maize. All samples were sealed watertight and stored frozen until analysis. Analysis was performed by wet sieving (RetschH AS 200 digit, Haan, Germany) using nine sieves with mesh sizes of 0.063, 0.125, 0.25, 0.5, 1, 2, 4, 8, and 16 mm (quadrate openings). Sieving time was ten minutes and water throughput 2 l/min. The mean particle size (MPS) was obtained by curve fitting (TableCurveH 2Dv5 .01, Systat Software UK Ltd.) as described by Hummel et al. (2008) . An average particle size was calculated for each species or, in the case of ostriches, for each gut segment (Table 1) .
For comparison with mammals (excluding ruminants) and reptiles, we calculated MPS of the respective data sets the same way (see Appendices 1 and 2 online at Dryad: http:// dx.doi.org/10.5061/dryad.8686). Note that data consisted of the same samples used by Fritz et al. (2009; , measured with the same sieve set as used in the present study. In the former studies MPS had been calculated for 6 sieves (excluding the 0.063, 8, and 16 mm sieves) so a large data set of ruminant species from Clauss et al. (2002) , for which only six sieves had been used, could be integrated into the studies. For the bird data, means of percentages of all particles retained on a particular sieve are given in Appendix 3 (online at Dryad: http://dx.doi.org/10.5061/ dryad.8686).
Data for birds and non-ruminant mammals were compared using a Generalized Linear Model with body mass as a covariate. Differences in MPS of different gut segments of S. camelus were tested by paired t-test. All analyses were performed with SPSSH 18.0 
Results
There was a highly significant increase of MPS with body mass in the General Linear Model (p , 0.001), but no difference according to clade (p 5 0.410). No difference was obvious between birds (gastric mill) and mammals (masticating teeth). Mean particle size was 17 times larger in the proventriculus than in the distal colon of Struthio camelus (17.33 6 9.05 mm versus 1.04 6 0.26 mm, p , 0.007) (Fig. 1) .
When dissecting the stomach, we noted obvious differences in texture of glandular stomach content and muscular stomach content (see Fig. 2 ).
Discussion
As in herbivorous mammals ) and reptiles (Fritz et al. 2010) , mean fecal particle size increases with body mass in birds. In general, herbivorous birds have fecal particle sizes comparable to those of similarly sized non-ruminant mammals-confirming the assumption of Moore (1999) that mammals and birds achieve similar degrees of particle size reduction in a quantitative wayand, consequently, smaller fecal particle sizes than reptiles achieve (Fritz et al. 2010) .
Herbivorous reptiles and birds share the characteristic that they do not masticate their food. According to our expectations, MPS in the proventriculus of ostriches was comparable to fecal particle sizes of herbivorous reptiles (cf. Fig. 1) , which reflects the lack of mechanical breakdown of the food at that stage of digestive processing. Without muscular trituration and gastroliths, the degree to which birds could process their food would be comparable to that of reptiles. In contrast to birds, food is not comminuted after ingestion in reptiles, so mouth size and morphology as well as feeding behavior have been considered as factors affecting fecal particle size in reptiles (Bjorndal and Bolten 1992; Fritz et al. 2010 ). The effect of selective feeding on particle size also has been demonstrated in birds. For example, studies with geese have shown that animals foraged preferentially on smaller food items (Amat FIGURE 1. Mean fecal particle size (average value per species) in non-ruminant herbivorous mammals, herbivorous reptiles and herbivorous birds (data from Table 1, data for mammals and reptiles see Appendices 1 and 2) across the body size range; average mean particle size in proventriculus of Struthio camelus.
1995; Durant et al. 2009 ), and that birds may crop food items partially so that the ingested piece is smaller than the whole plant part. Beak size and morphology are correlated with bite size in birds (Cope et al. 1995; Durant et al. 2003 ; Van der Graaf et al. 2006) , but a potential effect on fecal particle size has not been quantified yet (Durant et al. 2009 ). Moore (1999) demonstrated that the particle size of the ingested food can affect particle breakdown in the gizzard in geese, but the effect was apparent only when food particle size was already smaller than 2 mm. As diets in the present study comprised only small proportions of pelleted compounds or grains, a relevant systematic effect on the mean fecal particle sizes is unlikely. Nevertheless, the lack of a standardized diet is a limitation of this study. Ideally, the results generated by the comparative method in this study should be evaluated in a controlled experiment where the same roughage is fed to birds and mammals.
It is an interesting question why gastric mills are so rare in the fossil record of terrestrial, non-avian herbivores (Wings 2007; Wings and Sander 2007) . Apparently only a few terrestrial herbivorous dinosaurs consistently show evidence of a gastric mill (i.e., gastroliths are consistently associated with skeletal remains); those include the basal ceratopsians Psittacosaurus (You and Dodson 2004) and Yinlong (Xu et al. 2006) , the ornithopod Gasparinisaura (Cerda 2008) , and derived, nearly toothless theropod dinosaurs from several clades, such as Limusaurus (Xu et al. 2009 ), Shenzhousaurus (Ji et al. 2003) , Sinornithomimus (Kobayashi and Lü 2003) , and Caudipteryx (Ji et al. 1998; Zhou and Wang 2000) . Psittacosaurus and Gasparinisaura are both equipped with a sophisticated masticatory apparatus in addition to a gizzard with gastroliths (Coria and Salgado 1996; You and Dodson 2004; Sereno et al. 2010) ; the reason for the evolution of what appears to be a unique double system for food reduction remains obscure; possibly it is an adaptation for handling exceptionally tough plant food.
When considering the phylogenetic context of chewing and gizzard systems ( Fig. 3 ; note that in contrast to similar trees in Reilly et al. 2001 and Varricchio 2001 , our tree is more restrictive when assigning a gastrolith-containing gizzard system to taxonomic groups), the presence of gizzards in birds, and the putative presence of a FIGURE 2. Dissected stomach of an ostrich (Struthio camelus) and contents of different stomach parts. Note differences in content textures. In contrast to the proventriculus, strong muscles surround the gizzard that contains the gastroliths and plant matter that has been ground. Oes, esophagus; Prov, proventriculus; Gizz, gizzard; SI, small intestine. Scale in cm.
FECAL PARTICLE SIZE IN AMNIOTES
gizzard-like pylorus that sometimes contains gastroliths in crocodilians (see ''Introduction'') could, by phylogenetic bracketing, suggest that the presence of a gizzard with gastroliths and a gastric mill function is a plesiomorphic character in archosaurs (Varricchio 2001) . On the other hand, the seeming absence of regular accumulations of gastroliths in articulated skeletal remains of diverse dinosaur and archosaur groups suggests instead that it was the anatomical predisposition-a strong-muscled pyloric stomach part-that was plesiomorphic for archosaurs, and that the development of an actual gastrolith-containing gizzard was an apomorphy that not all groups acquired. Note that even among birds, not all species acquire gastroliths, although their stomach consists of a proventriculus and a ventriculus (Gionfriddo and Best 1999) ; the variation within and between crocodilian species has already been mentioned. The fact that several different dinosaur lineages evolved a gastrolith-containing gizzard emphasizes that, at least within dinosaurs, the occurrence of gizzards was not constrained by phylogenetic contingency. Additionally, the results of our study suggest that potential reasons for differences in the relative occurrence of a gizzard-gastrolith system and dental mastication cannot be explained by differences in efficiency of particle size reduction, but must be sought in other causes. In the following, we review some of such possible causes.
A gizzard system is evidently advantageous when the overall organismal design demands that the site of particle size reduction be close to the center of gravity; as such, the use of a gizzard is usually linked to the primary characteristic of herbivorous birds, flight. In contrast, adaptations for chewing intrinsically increase the weight of the head. The use of the gizzard system has the potential advantages that intake rate is not limited by chewing , that no investment in dental tissue is necessary, and that dental wear is not a determinant of senescence as observed in mammals (e.g., Veiberg et al. 2007 ). The absence of age-dependent tooth wear might even be a contributing factor to the slower onset of senescence in birds as compared to mammals (Western and Ssemakula 1982) . On the other hand, the use of a gizzard requires the intake of suitable grit or stonesan action that represents, in the few studies where this has actually been quantified in birds, a relevant proportion of feeding time (Gionfriddo and Best 1999) . Additionally, although we think of stones as being ubiquitous, differences in the frequency of gastroliths between crocodile populations have been ascribed to a lack of suitable stones in one particular habitat (Cott 1961; Wallace and Leslie 2008) . A masticatory apparatus guarantees independence from the presence of suitable stones.
Another possible factor favoring the evolution of a masticatory apparatus rather than a gizzard in terrestrial herbivores could be space competition in the abdominal cavity, which is particularly relevant in herbivores (Clauss et al. 2003) . This might make a gizzard a valuable option only for animals that cannot afford a masticatory apparatus owing to the bauplan FIGURE 3. Phylogenetic relationships of tetrapods with grinding molars and gastrolith-using gastric mills. Note that several large clades (without dental batteries and gastric mills) are omitted for reasons of clarity (based on Gauthier 1986; Benton and Clark 1988; Benton 1990; Ji et al. 1998; Brochu 2001; Coria and Calvo 2002; Ji et al. 2003; Kobayashi and Lü 2003; Xu et al. 2006 Xu et al. , 2009 . For a discussion of a gastric mill in Crocodilomorpha, see the text. requirements for flight, or that are contingencyconstrained in the evolution of a masticatory apparatus. If gastrolith mass in general followed the positive allometric scaling observed by Wings and Sander (2007) ; i.e., gastrolith mass represents an increasing proportion of body mass with increasing body mass, then this argument might be even more important. Although the allometric increase in gastrolith mass with body mass (according to the equation gastrolith mass in g 5 0.001 BM 1.20 , with BM in g) [Wings and Sander 2007] would lead to a gastrolith mass of only 5% of BM at a BM of 30,000 kg-which is still unlikely to pose a serious space problem in the coelomic cavity of sauropods (Franz et al. 2009 )-it is striking that gastroliths (in amounts suitable for an avianstyle gastric mill) appear to occur mainly in smaller herbivores. It is tempting to speculate that stones more suited for smaller herbivore species are more ubiquitous than those that would be required for very large herbivores. Note that all dinosaurs that are consistently associated with accumulated gastroliths are relatively small, with estimated maximum body masses at or below 20 kg. The maximum body mass of herbivores relying on gastroliths and a gizzard was about 250 kg (moas and elephant birds; Worthy and Holdaway 2002) , which is distinctively lower than the maximum sizes achieved by chewing mammals and dinosaurs. Nonetheless, a size limitation due to the gizzard strategy has so far not been demonstrated, in contrast to more concrete indications that mastication may represent a serious limit to maximal body size . It also remains to be investigated whether particle size reduction in a grinding (gizzard) or mastication (teeth) system differs with respect to energetic efficiency (costs per unit size reduction).
Another factor that might favor a dental apparatus over a gizzard system is an additional function of teeth and mastication apart from ingesta particle size reduction for a more efficient digestion-the oral preparation of food for the final stage of the ingestion process, swallowing. Having particle size reduction take place proximal to the esophagus-and just before swallowing occurs-may make it possible for an animal to consume a broader spectrum of plant material. It is difficult to fathom how an animal without incisor-like teeth or a parrot-like beak could crop particularly tough food, just as it is difficult to imagine elephants or black rhinoceroses efficiently ingesting large-diameter twigs without the grinding action of large molars. Although empirical data are lacking, we suspect that ingestive mastication facilitates the use of tougher plant material better than a gizzard does in animals of comparable size. A diet containing such particularly tough food might be the reason Psittacosaurus and Gasparinisaura evolved a grinding dentition in addition to a gizzard. In this respect, it would be helpful to find evidence that chewing and non-chewing dinosaurs systematically use plants in different phenological stages or different plant parts.
In the extant vertebrate fauna, the capacity to reduce particle size is related to the metabolic demands of a species (Reilly et al. 2001; Lucas 2004) . Therefore, particle size reduction is often considered the key digestive difference between ecto-and endotherms (Karasov et al. 1986; Farlow 1987; Fritz et al. 2010 ) that allows endotherms to rely on shorter digesta retention times without losing digestive efficiency (Franz et al. 2011) , and hence facilitate the high level of food intake necessary to meet their increased metabolic requirements. Among dinosaurs, differences in the capacity for particle size reduction could thus help to explain potential differences in metabolic levels and growth rates in herbivores-for example, slower-growing stegosaurs (Redelstorff and Sander 2009) and ankylosaurs (Stein and Sander 2009 ) with no adaptations for particle size reduction versus fast-growing ornithopods (Horner et al. 2000) with their ''dental batteries.'' In this respect it is particularly relevant that no systematic difference in the size distribution of fecal particles has been found between extant taxa with gizzards and those with chewing teeth, an observation that corresponds to the similarly high metabolic rates of nonpasserine birds and mammals (McNab 2008 (McNab , 2009 ) (see Fig. 1 ). Nonetheless, at least one dinosaur group challenges the simplistic equation of a particle size reduction mechanism with high growth rates-the sauropods.
Not only did sauropod dinosaurs have extremely high growth rates and hence probably a high level of metabolism (Sander et al. 2011 ), but they also lacked a sophisticated masticatory apparatus (Calvo 1994; Upchurch and Barrett 2000) . Therefore, we would automatically suspect that sauropods had a gizzardgastrolith system for particle size reduction, as has been suggested by many authors (Bakker 1986; Farlow 1987; Weishampel and Norman 1989; Wing et al. 1992; Christiansen 1996; Taggart and Cross 1997; Upchurch and Barrett 2000) . Unfortunately, the most recently collated evidence (from a new appraisal of fossil findings and allometric extrapolations [Wings 2004; Wings and Sander 2007] ) suggests that sauropods did not possess an avian-style gizzard. On the one hand, adult sauropods might actually represent an exceptional example of herbivores that outgrew the body size range where digestive advantages and disadvantages associated with increased body size balance each other (Clauss and Hummel 2005) ; they thus enter a body size range where advantages due to increasing body size such as enormous relative digestive capacities (Franz et al. 2009 ) are no longer outbalanced by disadvantages such as large ingesta particle size (because at a certain bite size, food particle size is determined by leaf morphology and cannot increase further ). On the other hand, the question of how growing sauropods could maintain their high growth rates without efficient reduction in forage particle size still warrants a persuasive answer. A nearly complete, articulated skeleton of an early juvenile sauropod did not contain any gastroliths (Schwarz et al. 2007 ). Sauropods thus serve as an example that regardless of the relative merits of gizzards and teeth, other means of achieving high metabolic and growth rates than by systematic particle size reduction must not be discarded.
